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Abstract (TOC)
In Remote Sensing, absolute calibration of airborne image acquisition systems is essential. The MISI
(Modular Imaging Spectrometer Instrument), developed at RIT’s Digital Imaging and Remote Sensin
Laboratory (DIRS), is one such devise that needs this calibration. Without this calibration, visible and
radiometric data collected by the MISI can be difficult to interpret. RIT has previously developed a line
scanner but its means of calibration did not take into account the detector gain and bias of the system
scanners, in general, that operate in the thermal regions of the EM spectrum use blackbody radiators for their
means of calibration. The detectors on these instruments are subject to low frequency drift due to
temperature changes, pre amplifier noise, and effects due to detector vacuum loss. This drift can be
corrected by using two blackbody radiators placed within the MISI.
This research focused on the construction, regulation, and implementation of such a radiation source. For this
research one radiation source was constructed. The uniformity of the source had an average temperat
variation of 0.5°C, when fully insulated. A feedback control system was designed to regulate and mo
blackbody. A software controlled algorithm, used to control the radiation source, was also designed and
control the source to ±0.15°C. Temperature knowledge of the radiation source was believed to be about
0.2°C.
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Introduction (TOC)
The Digital Imaging and Remote Sensing (DIRS) group at RIT’s Center for Imaging Science has been
operating an airborne electro/optical line scanner capable of operating in the visible, mid-wave infrared
(MWIR) or long wave infrared (LWIR) for many years. This system has contributed significantly to much
of the research the DIRS laboratory has performed over the years. Recently however, there has been a
need for consideration of a collection capability considerably beyond that currently available. As a
result, a concept design for a new system was undertaken, hence the Modular Imaging Spectrometer
Instrument or so often call MISI. The design for the Modular Imaging Spectrometer Instrument system
that resulted from the concept study is reported in Schott et al. 1993.1
This research focuses on the thermal calibration of the MISI instrument. Blackbody radiators a
traditionally used in line scanners to account for detector effects such as drift, due to temperatur
changes, pre amplifier noise, and effects due to detector vacuum loss. The MISI will house two s
radiation sources to account for such detector effects. In this way the instrument will have a way
calibrate itself on a scan-line by scan-line basis. With accurate temperature knowledge and control of
the blackbodies, measured radiance values can be corrected to account for the detector gain and bias.

Background (TOC)
Blackbodies (TOC)
Solids and liquids radiate visible light at temperatures of 500°C and above.3 A surface which
absorbed all incident radiant energy would appear black. Such a surface would also be a
complete radiator. Such idealized surfaces are called blackbodies. A practical incandescent
radiator will exhibit behavior similar to that of a blackbody (e.g. a tungsten incandescent bulb). The
nature of the radiation from blackbodies was analyzed in some detail by Max Planck.4 He found
that the energy radiated by complete radiators is distributed over a range of wavelengths in a
mathematically predictable pattern. As the temperature of the body is altered, the distribution of
energy is also altered. For example, the wavelength an electric stove emits keeps changing with
variation in temperature. Figure 2.1 illustrates the distribution of energy from a blackbody as a
function of wavelength at a fixed temperature.

Figure .1 Distribution of energy from a blackbody as a function of wavelength.
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This graph can be thought of
information about blackbodies
temperature of the blackbody
wavelength can be calculated
Planck:

as a relative plot of energy at each wavelength. It is t
that will be used to help calibrate the MISI. If the
is known, the spectral exitance at a particular
using the following relationship developed by Max

(2.1)

Background on the MISI (TOC)
The Digital Imaging and Remote Sensing (DIRS) laboratory of the Rochester Institute
of Technology’s Center for Imaging Science has operated airborne electro-optical
imaging systems for over a decade.1 Recently, it has become evident that there is a
need to develop a new airborne electro-optical imaging system. This proposed system
should be capable of collecting data in many spectral bands at high resolution while
maintaining high radiometric fidelity. The system under construction is a Modular
Imaging Spectrometer Instrument (MISI) which is a vast improvement over past
electro-optical airborne imaging systems. This is because it will be able to meet current
demands as well as be able to adapt easily (hence Modular) to future improvements or
concepts.
The MISI is an internal R&D activity within the lab to design, assemble and fly an
imaging system collecting in 70 spectral channels covering the range from 0.4 to 14
microns with a spatial resolution down to one foot over a 90° field-of-view.1 As
mentioned before, the MISI is also capable of sampling data in vis-near infrared
(VIS-NIR), short-wave (SWIR), mid-wave (MWIR) and long-wave (LWIR) infrared
regions of the electromagnetic spectrum. It is the calibration of the MISI in the thermal
region which provokes this research.

The need to calibrate
Absolute calibration is essential for a variety of scientific studies and image
analysis applications. For example, the removal of atmospheric effects for
building heat loss and water quality studies require absolute radiometric
data. To extend signatures extracted from a particular scene to data
collected in different scenes or at different times under different
atmospheric conditions, or even to data collected by different sensors,
requires both an absolute measure of radiance and correction for
atmospheric effects.1 For example, a main problem encountered in
radiometric calibration of satellite image data is correction for atmospheric
effects. Without this correction, an image digital number cannot be
converted to a surface reflectance value.2 This type of calibration is
essential to the MISI in both the visible and thermal regions of the
spectrum.
The objective of this research is to devise, construct and implement a means of
calibration for the MISI using onboard blackbody radiators. This task will be
divided up into three sections. The first being the construction of a radiation
source and design of a feedback control system. Second is the evaluation of the
source in terms of its uniformity and control. And lastly, if time permits, will be the
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implementation of the source(s) into the MISI system.
There are existing systems/blackbodies that can be thermally controlled from
-10°C to 100°C and have an absolute temperature calibration accuracy of
0.01°C, but these systems will not physically fit into the MISI. Furthermore, these
systems are very expensive. Controllable blackbodies of this type are usually
used in a laboratory settings where size and convenience is not an issue.

Calibration contribution to the MISI
Though the calibration of a line scanner is not a new concept, it is important to
the integrity of the MISI at RIT. If the calibration system devised in this research
proves to be successful, the MISI would be able to be used for a multitude of
applications with the assurance that the data collected was radiometrically
correct. This calibration contribution to the MISI would enable it to serve as;
--an airborne laboratory for earth observation research.
--a high resolution under flight system for high altitude aircraft and satellite
sensor performance evaluation.
--a versatile data collection platform for acquiring imagery to be used in
algorithm development and evaluation for reconnaissance and
environmental applications.
--and as a survey instrument for demonstration and proof-of-concept
studies of image analysis methods in areas such as energy conservation,
water quality assessment, and hazardous waste site management.1

How the Blackbodies will be used to Calibrate the MISI (TOC)
One of the most important issues concerning the calibration of the MISI in the thermal
regions of the EM spectrum is the issue of detector drift. It would be nice if the
detectors in the MISI were "ideal detectors" in that the radiance signal that came out
was truly the radiance that fell upon them (or irradiance). Most detectors that are used
for thermal data acquisition are susceptible to low frequency drift, meaning they have a
tendency to drift around the actual value they are trying to record. This may be due to
a variety of reasons. The liquid nitrogen used to cool the detectors may be moving
around causing non uniformities in cooling. There may also be a loss of vacuum in the
detector thus increasing the potential for atmospheric conduction through the metal
casing of the detector. So it is with utmost importance that the thermal detector shift be
accounted for in the MISI.
A way to account for the detector shift is to find a relationship between the measured
radiance from the detector and the known, or calculated, radiance of the blackbodies.
That is where this research gains its importance. In order to correct the radiance shift
due to the detector, the blackbody temperature must be known accurately to minimize
errors. This temperature value, recorded by the monitoring circuit, will be converted to
a radiance value and used to generate a look up table to account for the detector shift
on a scan-line by scan-line basis. Since two blackbodies are used, both the gain and
offset of each channel are calibrated for every scan line.
We can see this approach if we first take a look at a hypothetical sample scan line
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generated by the MISI as shown in Figure 2.2.

Figure .2 Sample scan line generated by MISI. This is one revolution of the scan mirror.

First we must quantize the measured radiance values. This will be done with a 12bit A
to D conversion. With 12bit resolution, a radiance value can take on a value from 0 to
4095. After this stage, the radiance is considered a digital count (LDCmeasured). There
will be approximately 1570 samples for the ground data and 20 samples for each of
the blackbodies for a total of 1590 samples.
When sampling the radiance data for the blackbodies, it is important to generate a
representative value of the radiance in that region. It would be ideal if the detector was
able to read the radiance of the blackbody instantaneously. In other words have an
instantaneous on time. In reality, though, this is not the case. There is usually some
integration time associated with the detector that can be modeled by the convolution of
two RECT functions. This results in the function shown in Figure 2.3.

Figure .3 Convolution of two RECT functions. This is used to simulate the integration time associated with the
radiance being measured by the detectors.

When sampling the radiance in the blackbody region, one hopes to see a flat region in
which to obtain the representative radiance value. If there is no flat region, which is
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most likely to occur, the radiance value will have to be an average of x number of
pixels in the flat region. But how many pixels does one average? This can found by
fixing the number of pixels to be averaged, running multiple scans to average out the
noise (temporal averaging) and then compare the radiance values obtained to the
actual radiance calculated for the blackbodies.
Each temperature, one from each blackbody, needs to be converted to an equivalent
radiance value. This is accomplished through the use of the Planckian equation (Eq
2.1).
The radiance equivalent of the blackbody temperature values can be denoted as such:
LBB1actual
LBB2actual

One assumption that will be made is the fact that there is a linear relationship between
the measured radiance values and the actual blackbody radiance values determined
from the Planckian equation. In other words, we are assuming that the detectors,
though noisy, exhibit some linearity in their behavior. With this assumption of linearity,
we can derive a relationship using the well know slope-intercept form of an equation of
a line with slope m and y-intercept b.
y = mx + b (2.2)
The slope factor m in the equation will be representative of the gain inherent in the
detectors while the y-intercept factor b will characterize the bias of the detectors. With
this knowledge the gain and bias factors can be represented as the following:

(2.3)
(2.4)
Substitution and simplification yields:

(2.5)
If:

We can establish a relationship between the measured radiance (y) LDCmeasured, and

10/10/2007 5:45 PM

Introduction and Background

6 of 6

http://www.cis.rit.edu/research/thesis/bs/1998/ientilucci/IntroductionBac...

the corrected radiance (x) LDCcorrected. With these parameters the equation for the
corrected radiance becomes:

(2.6)
Though radiometricaly correct, the equation does not account for the detector spectral
responsivity (b).
The responsivity depends on the spectral characteristics of the source and sensor.
Generally the responsivity is given with reference to a source with a known blackbody
distribution temperature. This sensor effect can be accounted for by factoring in a
responsivity term into the measured radiance values. With this factor equation 2.6
becomes:

(2.7)
A typical plot of this look up table (LUT) might look like Figure 2.4.

Figure .4 Possible LUT of corrected radiance values v.s. measured radiance values for a single scan line
generated by the MISI.

Here a linear relationship is shown between the corrected radiance values and the
measured values, as mentioned before this is assumed. With this linear relationship, it
is now possible to extrapolate corrected radiance values from measured radiance
values for every scan line.

Previous Section: Front End Material
Next Section: Methods / Experimental
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Methods / Experimental (TOC)
Construction of a Blackbody (TOC)
In considering the design of a thermal radiation source, one must take into account its
dimensions, material make up, specific heat, method of heating and cooling, technique for
assembly, electrical characteristics, and emissivity of the surface. The radiation source
designed in this research was 7 in2 and approximately ¼ in thick. With these dimensions the
source is able to fit adequately above the scan mirror in the backscan of the MISI. In this
research only one blackbody was constructed. It is desired to have two such radiators in the
MISI with their placement shown in Figure 3.1.

Figure .1 Placement of blackbody radiators used for calibration of the MISI.

The blackbodies need to be made of a conductive material that exhibits a relatively low specific
heat. In this way the surface temperature can heat and cool with in a minimal amount of time.
The material also must exhibit a fair amount of lateral conduction to dampen uniformity issues.
The material that was chosen for construction was copper. Copper possesses both of these
qualities.

Heating / Cooling the radiation source
The next issue was how to adequately heat and cool the copper plate. Nine thermoelectric heat
pumps5
were placed behind the copper plate in a 3 by 3 matrix. On the other side of the heat pumps
was placed an aluminum heat sink. The package resemble a sandwich configuration as seen
in Figure 3.2.
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Figure .2 Placement and configuration of heat pumps in blackbody.

The choice of heat pump was the CP2-31-10L manufactured by the Melcor Corporation5.
This particular model was chosen because of its physical size and response (See
Appendix A). Basically, the thermoelectric heat pump is a solid state pump without any
moving parts, fluids or gases. The basic laws of thermodynamics apply to this device just
as it does conventional heat pumps and other devices involving the transfer of heat
energy.
The heat sink, model 5045 manufactured by EG&G Wakefield Engineering, was used as
a means of dissipating heat. The specifications and dimensions of the sink can be found
in Appendix B. Forced convection was implemented as opposed to natural convection in
order to remove heat at a faster rate. This forced air movement was provided by means
of an electric fan (See Figure 3.3).

Figure .3 Forced convection of aluminum heat sink.

Assembly
The three layers of the blackbody were held together at the four corners of the plate with
4 #8 hex bolts. This proved to be sufficient in terms of contact and pressure. Between the
copper plate and the heat sink, but around the heat pumps, were placed two layers of
open cell polyurethane foam sheeting. In this way there would be a minimum amount of
heat transfer in the non-contact areas between the plate and the sink, which is unwanted.
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Two layers were used as opposed to one layer to attain greater insulation. The surfaces
of the heat pumps were coated with Omegatherm 201, which is a high thermally
conductive paste, to ensure maximum heat transfer.

Electrical Characteristics
Once the assembly was completed the heat pumps were wired together. Available to the
principle investigator was a 10V, 10A programmable power supply (See Appendix F). It
was desired that the heat pumps be wired in such a way as not to exceed these supply
ratings. It was also desired not to exceed 30W total power. This is a constraint of the
MISI system. The nominal rating for one heat pump is 1V @ 3A. With this in mind, the
heat pumps were wired in a series / parallel configuration (See Figure 3.4).

Figure .4 Electrical wiring of heat pumps in the blackbody.

If the resistance of each heat pump is known then the over all system power requireme
can be found. The individual resistance of each heat pump was 0.5W . In a series /
parallel configuration, the equivalent resistance is also 0.5W for the 3 x 3 matrix. From
this the voltage and current can be calculated, for the given wattage constraint us
equations 3.1 and 3.2.
(3.1)

(3.2)
The overall power required to drive the blackbody would be 3.9V @ 7.8A. These values
do not exceed the ratings of the power supply nor do they jeopardize the 30W constraint.

10/10/2007 5:47 PM

Methods / Experimental

4 of 10

http://www.cis.rit.edu/research/thesis/bs/1998/ientilucci/MethodsExperi...

Thermal Reflections
It is desired that the copper plate act like a perfect blackbody. In reality though, this is not
possible since there will always be some reflection. It is possible, however, to assess an
objects radiant emittance as compared to a perfect blackbody. This comparison is made
numerically with a quantity called emissivity. Here the emissivity is the ratio of the actual
radiant emittance of the copper plate to that of a perfect blackbody. It is desired that the
emissivity be 1.0 or as close to 1.0 as possible. To achieve this, a special paint is
sprayed onto the surface of the copper plate. When cured, this paint exhibits a relatively
high emissivity. The emissivity for the copper plate was around 0.95 ± 0.02. This value
can be determined with a device called an emissometer.

Feedback Control System (TOC)
In order to control the temperature of the blackbody a system was designed that could sense
the temperature of the copper plate, report the temperature to a computer, and have the
computer make a decision as to what the power supply output should be in order to maintain a
given temperature set point.
A typical temperature control system is a group of components, or subsystems, combined to
regulate the temperature of a mass. The system may be described by a functional block
diagram, such as that shown in Figure 3.5, where the blocks represent black boxes that
receive certain indicated inputs and emit designated outputs.

Figure .5 Block diagram of the control system.

The control system implemented was made up of 5 black boxes and a temperature sensor,
which acted as the feeding back element. These blocks are described in detail in the following
sections.
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Transducer and Signal Processing
A transducer, for all practical purposes, is a devise that converts one kind of energy (or
signal) to another.5
Here a thermocouple converted a radiant heat signal into an electric voltage for input into
an amplifier. The thermocouple used for sensing temperature was the AD590L
manufactured by Analog Devices (See Appendix C). Basically the AD590 is a
two-terminal integrated circuit temperature transducer which produces an output current
proportional to absolute temperature. When wired as a voltage divider in series with a
1kW resistor, the transducer is capable of producing a change of 1mV / °C. This is far too
small a change to be adequately sampled. Therefore it was necessary to process the
signal by means of amplification. A 741 operational amplifier was employed to enhance
the signal by a scaling factor(See Appendix K). The schematic of the entire transducer
and signal processing circuit can be seen in Figure 3.6.

Figure .6 Schematic of transducer and signal processing circuit.

An explanation of the circuit diagram in Figure 3.6 follows. The resistor in series with the
AD590L sensor was 1kW (R3). As mentioned before this produces a change of 1mV / °C
across the sensor with the remaining 5V dropped across R3. This remaining voltage goes
to the non-inverting input of the op-amp. The room temperature voltage at R3 was about
0.322 V. This is effectively the offset voltage for the given room temperature.
The closed-loop gain of the op-amp was 40. Gains above 40 were difficult to employ
because of high signal-to-noise. As a result, it became increasingly difficult to sample
signals at the larger gains. The addition of 0.1m F capacitors (C 1 ,C2 and C3) at the
output and across the supply helped to filter out some of the noise.
The values of R1 and R2
can be found by using equation (3.3) which is the gain relationship for non-inverting
op-amps.
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(3.3)
It is desired to have the input impedance as large as possible. In this way the op-amp will
not load down other components in the system. At the same time it is desired to have the
output impedance be as small
as possible in order to have maximum voltage output. From equation (3.4) R2 was
107.9kW and R1 was calculated to be about 2698W . This produced a gain of around 40.
Normally the inverting input of the op-amp is tied to ground. In this case, however, it was
necessary to induce an offset at the input. The reason being is that with Vin = 0.322v for
a given ambient, the output of the op-amp will be (0.322 x 40) 12.88 V. This output
exceeds the sampling range of the data acquisition system which is 0-10V. By adding in
a positive or negative bias factor, the output voltage can be controlled to accommodate
sampling. The values of R5 and R7 were 1kW while R6 was a 2kW trimmer. R4, which
was 475W , was used as a current limiter to the inverting input.

A/D Conversion
After the analog signal was amplified it needed to be sampled so as to be useful in a
software control algorithm. The sampling was performed with an RTI-800 Personal
Computer interface board manufactured by Analog Devices (See Appendix D). The RTI
800 was used to provide a direct interface between an IBM PC and the analog/digital
world. In general, the boards are used for a variety of data acquisition, analog output, and
digital I/O functions. For the analog-to-digital conversion, 12-bit sampling resolution was
employed. This provided digital counts in the range of 0 to 4095. The 12-bit converter on
the RTI was unipolar configured so as to receive analog input voltages within the range of
0 to 10V. The sampling rates were on the order of 25m s which were fast enough for this
application. The conversions were initiated with software commands as described in
section 3.2.3.

Computer
At the heart of the data acquisition system was an IBM compatible 286 PC. This system
was running under MS-DOS 5.0 and was configured with 2Megs of RAM. The CPU clock
speed was 16Mhz. Included in the systems files was Microsoft’s GW-BASIC interpreter.
BASIC is one of many programming languages understood by the RTI board. For this
research all the algorithms to perform control tasks were coded in BASIC. The RTI-800
series software package provided a convenient and powerful software interface between
the RTI-800 series I/O board and the IBM PC. Included with the software package were
I/O and system routines, written in BASIC, that enabled communication with the RTI
boards (See Appendix J). Theses routines were used in addition to the standard BASIC
commands.

D/A Conversion
Because the RTI-800 was not capable of digital-to-analog conversion, an external D/A
converter was implemented. This process was conveniently perform in a single 16 pin
DIP. The device used for the conversion was the AD558KN manufactured by Analog
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Devices (See Appendix E). The AD558KN is a complete voltage-output 8-bit
digital-to-analog converter. No external components or trims were required to interface
the 8-bit data bus to the analog output of the computer (See Figure 3.7). In addition, the
chip was setup so as to have an output voltage range of 0 to 10V.

Figure .7 Schematic of digital-to-analog conversion.

Since the data bus was 8-bit, the 10Vmax output was quantized into 255 levels, including
zero. This gave a resolution of (10V / 255) 0.039V/digital count (DC). This also means
that one volt is equivalent to 25.5 DC. From this a look up table was employed, as shown
in Table 3.1, to convert from voltage to digital counts (DC) and visa versa.

Voltage
(V)

Digital Count
(DC)

0

255

1

229.5

2

204

3

178.5

4

153

5

127.5

6

102

7

76.5
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8

51

9

25.5

10

0

Table .1 Look up table for voltage-digital count relationship.

This relationship can be summed up in the following equation:

(3.4)

Programmable Power Supply
After the D-to-A conversion the signal was then feed into a programmable power supply
to electrically control the heat pumps. The choice of power supply was the MPB Series
10V/10A supply manufactured by Hewlett Packard (See Appendix F). At the rear of the
supply was a series of terminals that enabled remote voltage programming. This means
that the voltage stays fixed for a given condition while the current varies depending on
the load. To employ voltage programming the following strapping pattern was used (See
Figure 3.8):

Figure .8 Remote programming for constant voltage.

In this mode, the output voltage will vary in a 1 to 1 ratio with the programming
voltage (reference voltage) and the load on the programming voltage source will not
exceed 25 microamperes. The impedance matching resistor (Rx) for the
programming voltage source was 1kW to maintain the temperature and stability
specification of the power supply.
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Visual Means of Assessment (TOC)
To examine the temperature and uniformity of the blackbody an IR camera was employed. The
Inframetrics 600L Infrared camera was used for all visual experiments (See Appendix G). The
camera was setup such that it was pointing directly at the blackbody approximately 4 feet away
(See Figure 3.9). With the inframetrics camera, the blackbody surface could be seen in real
time. The output of the camera was connected to a VCR for image capture. This video of the
blackbody "in action" was then digitized using a frame grabber. The software/hardware used to
capture the video images was IMAGE LAB manufactured by Werner Frei Associates. These
captured images were save in a TIFF format and then imported into Photoshop 3.0 for
evaluation.

Sensor / Themistor Placement (TOC)
As previously mentioned in section 3.2.1, the sensing element used for the majority of the
experiments was the AD590 integrated circuit temperature transducer. This sensor was
imbedded into the front of the copper plate via a milled hole. This drilled hole was slightly
smaller than the diameter of the sensor. In this way the thermal lag between the sensor and
the copper plate could be minimized. To help in the coupling Omeathem 201, which is a high
thermally conductive paste, was used around the sensor.
The placement of the sensor was determined after examining preliminary surface profiles of
the blackbody. From this the sensor was placed as shown in Figure 3.9.
Also used for sensing temperature was the YSI Series 400 thermistor (See Appendix I). These
were used on the front surface as well as on the cooling fins of the blackbody as shown in
Figure 3.9. Since the thermistors exhibit a change in resistance with a change in temperature,
they were plugged into a standard ohm meter.
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Figure .9 Diagram showing the placement of thermistor, AD590, and usage of IR camera.

Use of Laboratory Standard Blackbody (TOC)
A laboratory standard blackbody was used as a reference for calibration and as a comparison
standard for uniformity issues. The model used was the SR 80-7A (7" square model)
manufactured by CI Systems (See Appendix I). This model consists of a radiation surface plate
that is microprocessor controlled. In general, it has a temperature accuracy around 0.01 °C
with an emissivity of 0.97 ±0.02. The temperature sensors in the unit are precision platinum
resistance thermometers (PRT’s) in which the difference between them is controlled.

Previous Section: Introduction / Background
Next Section: Results
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Results (TOC)
Verification of Operation (TOC)
A calculation verified that the blackbody size and material type, as well as the type of heat pump,
would adequately change the temperature of the plate in the required amount of time. The time
required to change the temperature of the copper plate is given by:

(4.1)
Where:
T is the time interval in hours
m is the weight of the copper plate in pounds
D T is the temperature change of the material in °F
Q is the heat added or removed in BTU/hr.

The value of Q
can be determined from the heat pump specification sheet in Appendix A. This corresponds
to a value of 21 BTU/hr for each heat pump. Since there are nine heat pumps, this would be
189 BTU/hr for the 3.9V @ 7.8A condition. The weight of the copper plate, m is around 2
pounds. The specific heat of copper is 0.0923 BTU/lb. °F and the maximum temperature
change of the material would be around 122°F or 50°C. Hence the time required to change
the temperature of the copper plate would be around 7 minutes. This is more than
reasonable since the actual time frame to prep the blackbody for scanning by the MISI is
around 15 minutes.

General Response of the Blackbody (TOC)
Thermistors were place on the front and rear surfaces of the blackbody in order to evaluate
the general response of the copper plate, heat pump, heat sink configuration. This set up
was described in section 3.4. Two modes of operation were then employed to assess the
response; heating the copper plate (heating mode) and, by reverse biasing, cooling the
copper plate (cooling mode). The voltage controlled power supply was set to +4v and -4v,
respectively to obtain the results. Figure 4.1 shows the thermistor activity on the blackbody
as a function of time for the two modes of operation.
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Figure .1 Thermistor activity on blackbody for heating and cooling modes.

An equation was then found (Figure 4.2), that related thermistor resistance to temperature
values. Through the use of the thermistor LUT (See Appendix H) the resistance values were
converted to temperature values (See Figure 4.2).

Figure .2 Thermistor LUT.
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Figure .3 Thermistor resistance converted to temperature for heating and cooling modes.

Further more, a plot of the temperature differential between the front (copper plate) and back
(heat sink) of the blackbody was constructed (See Figure 4.4) using the data from Figure
4.3.

Figure .4 Temperature differential between front and back of blackbody.

It is seen in Figure 4.3 that the peak temperature for the copper plate in heating mode was
about 45°C or 113°F. Similarly, the peak (cold) temperature in cooling mode was about 10°C
or 50°F, for the given ambient. This shows that the blackbody range, for a ±4v input, is
around 45°C - 10°C for an ambient of 20°C. Clearly there is not an even response in
10/10/2007 5:48 PM
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temperature about the ambient point for the given input voltage. That is because the heat
sink is a much more effective heat exchanger than the copper plate. This effect can also be
seen in Figure 4.4 where the temperature delta from front to back is much greater in heating
mode than it is in cooling mode.
It is desired to have the blackbody reach temperatures on the order of ±15°C of ambient,
where ambient varies from -10°C to 25°C. This would correspond to a full range of -25 to
40°C. It is seen from Figure 4.3 that the radiation source in its current state cannot achieve
the low end temperatures with an input voltage of 4.0v.
Another consideration of the blackbody is time response. It is desired that the blackbody be
able to reach and stabilize itself at some temperature set point in less than 15 minutes. From
Figure 4.3, it is seen that, in heating mode, the blackbody is able to reach a temperature of
+8°C above ambient in less than 2 minutes. This time response is also seen in Figure 4.4
where the temperature delta in 2 minutes time is about 10°C. This says that the blackbody, in
heating mode, can reach any temperature in the defined range with in the allotted 15
minutes. This type of response was not seen in cooling mode.
Another variable that was monitored during the two modes of operation was current. It is
seen in Figure 4.5 that, for a fixed voltage of 4v, the current decreased from 8.5A to 6.5A in
heating mode and 8.5A to 7.5A in cooling mode. This supports the theory that the heat sink
is a much more effective heat exchanger than the copper plate. Because of this fact, the
power supply does not have to work as hard in heating mode as it does in cooling mode.

Figure .5 Current fall off in heating and cooling modes.

Time Response (TOC)
The time response of the blackbody was also determined. This time response or time
constant t was found by setting the supply to a given voltage and letting the blackbody come
to a steady condition over a long period of time. On average, this took anywhere from 15 to
20 minutes. The results of this experiment can be seen in Figure 4.6.
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Figure .6 Time response of blackbody.

In order to determine the time constant of the exponential curves in Figure 4.6, the data was
entered into a T1 Algorithm7. This was a program that calculated time constants for a given
set of time varying data. The resulting time constants from this program can be found in
Table 4.1.

Blackbody Time Constant
Voltage

Time constant τ (sec)

4

335

3.5

306

3

290

2

295

1

370

Table .1 Blackbody time constant.

On average it is seen that the time constant for the plate was about 5 minutes. This was
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expected since the copper plate posses a rather large thermal inertia. Further more it is seen
from Figure 4.6 that the blackbody has a first order type response. In this light, the
blackbody’s response can be modeled an exponential. That is:

(4.2)
Where DC is an offset term and k is a temperature constant. For example an equation to
model the 4 volt response might look like:

(4.3)
where t
ranges from 0 to 3000 seconds. This information proves to be useful when modeling the
control system. This modeling can play a significant role when trying to implement a PID type
control system. It is for that reason that this information is presented.

Blackbody Uniformity (TOC)
The uniformity of the blackbody was assessed using an IR camera as mentioned in section
3.3. The surface profile of the radiation source was looked at during three different
conditions; 1) as the temperature of the radiation source was increasing rapidly, 2) when it
was at a steady state condition, and 3) when it was at a steady state condition with the plate
fully insulated. These profiles were then compared to a laboratory standard. All of the data
obtained for examining uniformity issues were taken with the blackbody in heating mode
only.

Profile during temperature increase
With construction complete, it was desired to look at the heat pumps immediate response
during an initial startup from ambient. For this an image of the surface was captured while
the temperature was in a state of rapid increase. The image was taken 1 minute after
startup. At that time, the plate reached a temperature of 26°C. This region of rapid increase
can be seen in Figure 4.3. Figure 4.7 shows the captured image of the copper plate where
black is cold and white is hot. This image shows that the temperature at the cross hair
position was 26.0°C. It also displays a step wedge calibration strip. The two temperature
values at the ends of the step wedge correspond to grey values at the extremes of the
wedge. With this information DC values can be converted into temperature values via a LUT.
To further enhance the discrete temperature pattern generated by heat pumps, a
thresholding was employed. This result can be seen in Figure 4.8.
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Figure .7 Grey scale image of blackbody during rapid temperature increase.

Figure .8 Rapid temperature increase image after thresholding.

It was found that the average temperature in quadrant one of Figure 4.8 was 25
Similarly for quadrants two, three, and four the average temperatures were 25.6°
25.9°C, and 26.2°C, respectively. This shows that without any corrections or
adjustments the variation across the surface was less than 1.0°C.

Profile during steady state condition
In order to examine the uniformity more accurately, the copper plate was brought to an

10/10/2007 5:48 PM

Results

8 of 19

http://www.cis.rit.edu/research/thesis/bs/1998/ientilucci/Results.htm#results

equilibrium with the surrounding ambient. To do this a constant voltage of 3.5v was
used, over a period of 1 hour, to bring the blackbody to a steady state temperature of
approximately 45°C. The temperature disturbances in the lab were minimized so as to
not effect the copper plate. This result can be seen in Figure 4.9. The same
thresholding technique used for Figure 4.8 was also employed for Figure 4.9. The
result of thresholding is shown in Figure 4.10.

Figure .9 Grey scale image of blackbody during steady state condition.

Figure .10 Steady state image after thresholding.
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Here it is seen that the discrete temperature variations of the heat pumps has
vanished. The average temperature for each quadrant was again calculated us
calibration step wedge. From this it was found that the variation across the surface was
less than 0.5°C. A quantitative analysis is found in section 4.3.6.

Profile of laboratory standard
In order to get a better feel for uniformity, a laboratory standard blackbody was used as
a means of reference. This laboratory blackbody was described in section 3.5. The
techniques used to capture the previous images were also employed for imaging the
laboratory source. Figures 4.11 and 4.12 show the imaged laboratory source.

Figure .11 Grey scale image of lab blackbody during steady state condition
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Figure .12 Lab steady state image after thresholding
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The laboratory images are very similar to the images acquired for the blackb
constructed in this research. A similarity in the grey scale pattern can been seen
between the lab blackbody and the constructed blackbody (Figures 4.9 and 4.11).
pattern similarity is also scene in the two images after a thresholding has been a
(Figures 4.10 and 4.12). In the case of the laboratory blackbody, it was found tha
variation across the surface was less than 0.5°C.

Steady state with insulation
The blackbody constructed in this research exhibited some heat loss at the edges of
the copper plate, as seen in Figure 4.10. To prevent some of this heat loss, the copper
plate was fully insulated around the edges with styrofoam. This makes the constructed
blackbody similar in design to the lab blackbody. The results of this insulation are best
seen when 1D slices of the images are taken and 3D plots are generated. These result
are further explained in sections 4.3.5 and 4.3.6.

3D representation
Three-dimensional plotting was also employed as another tool to graphically evaluate
the surface uniformity. Figure 4.13 shows a 3D representation of the surface for the
steady state non-insulated, steady state insulated, and laboratory standard images. It is
noticed in the non-insulated case that there is a slight fall off in temperature at the
corners of the copper plate. This fall off is reduced slightly at one of the corners in the
insulated case though still apparent in the other corners. The "roughness" of the
surface in the insulated case may be due to oils, grease, or glue left on the copper
plate surface. These materials were used during the insulation process of the
blackbody. The laboratory standard shows decent uniformity overall with a slight
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temperature loss at the edges.

Quantitative profile analysis
To further investigate the uniformity of the blackbody, 1D slices were taken across the
images in the x direction only. The location of the slices are referred to as lo, mid, and
hi. Figure 4.14 graphically illustrates the location of these slices. This slice analysis was
used on the steady state non-insulated, steady state insulated, and laboratory standard
images. The elevation data from these images was combined with x-axis data to
generate 2D plots representing uniformity along the x-axis. Figure 4.15 represents the
lo slice while Figures 4.16 and 4.17 represent the mid and hi slices, respectively.
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Figure .13 3D plots of uniformity

Figure .14 Diagram showing location of 1D slices.
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Figure .15 2D "lo slice" profile of blackbody.

Figure .16 2D "mid slice" profile of blackbody.
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Figure .17 2D "hi slice" profile of blackbody.

The variation in temperature, for a given slice, can be used as a means of comparin
each blackbody image. Since there are three slices for each image, and three images
the data can be represented in a 3x3 matrix. The first matrix constructed eval
temperature variation across the entire surface of the blackbody (See Table 4.2).
second matrix evaluates the temperature variation across a 2 in2 region located at the
center of the blackbody (See Table 4.3).

Temperature Variation Across Full Surface (x-direction) °C
Slice

Non-Insulated

Insulated

Lab Standard

Hi

.702

.670

.725

Mid

.727

.549

.769

Lo

.845

.618

.575

Table .2 Variation in temperature along various x-axis slices for full surface.

Temperature Variation Across 2in2 region (x-direction) °C
Slice

Non-Insulated

Insulated

Lab Standard
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Hi

.374

.447

.369

Mid

.396

.391

.380

Lo

.311

.451

.224

Table .3 Variation in temperature along various x-axis slices for 2in2 region.

Full surface analysis
When comparing the non-insulated and insulated images, it is noticed that the variation
in temperature was reduced when the blackbody was insulated. This reduction in
variation is seen in all three slices of the images. This shows that insulating the
blackbody can reduce the overall temperature variation across the surface of the plate
(if noise is neglected). When looking at the laboratory standard, however, it is noticed
that some of the slices actually had a larger variation in temperature, as compared to
the insulated case. This is apparent in the Hi and Mid slices (with the Lo slice having a
smaller variation). It may be that for two of the slices the insulated blackbody was more
uniform than the laboratory standard. Upon closer analysis however, the data may be
subject to noise so it is difficult to say with absolute certainty how the insulated
blackbody compared to the laboratory standard.

Center region analysis
For this analysis a small 2in2 region in the center of the blackbody was examined. It is
first noticed that the temperature variations for the non-insulated and insulated cases
are very similar. This shows that the insulation on the blackbody does not effect the
center temperatures. It is also noticed that the laboratory standard had the lowest
variation of all. This was expected since the manufactures of the laboratory blackbody
are concerned with maintaining high uniformity in the central region of the source.

Temperature Control and Regulation (TOC)
Control Algorithm
Because of the availability of BASIC routines and commands via the RTI interface
board, the blackbody was software controlled. As mentioned in section 3.2.3 the
controlling algorithm was coded in BASIC using the GW-BASIC interpreter available in
the computer (See Appendix L). The general flow of the algorithm used for control can
be seen in Figure 4.18.
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Figure .18 Flow chart of control algorithm used to control the blackbody.

In operation, the algorithm prompts the user to enter a desired temperature set point
(Tset) and time interval between samples. It then converts the temperature to a digital
count based on a LUT. This digital set point is compared to a temperature sample of
the blackbody as a function of time. A direct comparison of the two DC values is then
performed. If the sampled DC is greater than the set point DC (i.e. overshoot) the
power supply turns off and the room temperature is used to drive the temperature down
below the set point. On the other hand, if the sampled DC is less than the set point DC,
the routine keeps the supply at a nominal 4v, which will induce an eventual overshoot.
This cycle continues resulting in an on/off controlling scheme and produces an
oscillation around a given temperature set point. This type of algorithm is very similar to
the thermostat operation found in many households.

Algorithm results
The results of the controlling algorithm can be seen in Figure 4.19. This plot shows the
temperature increase and regulation as a function of time. In this plot it is seen that the
blackbody can reach the desired temperature set point of 35.0°C in less than 3
minutes. The regulation aspect of the algorithm is also clearly apparent by the
numerous oscillations around the set point.
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Figure .19 Results of controlling algorithm using the AD-590 temperature sensor.

To closely examine the oscillations around the set point, a zoom of Figure 4.19 was
constructed as shown in Figure 4.20. The oscillation pattern becomes more apparent
with the zoomed plot thus revealing more information about the controlling scheme.
The solid lines located at T=35.1°C and T=34.9°C are to show the ±0.1°C tolerance.
This means that the blackbody could be regulated to 0.2°C if kept with in this range.
Similarly, the dotted lines located at T=35.05°C and T=34.95°C are to show the
±0.05°C tolerance and if kept with in this range, the blackbody could be regulated to
0.1°C. It was found that the current algorithm could regulate the blackbody to about
±0.15°C. This is equivalent to having control with in 0.3°C. Furthermore, it is seen that
the control resolution of 0.027°C/DC was well with in the smallest tolerance thus
making it possible to control down to that level. This could be possible if a steady-state
type algorithm is implemented.
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Figure .20 Zoom of controlling algorithm.
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Discussion (TOC)
As explained in section 3.1 a radiation source was successfully constructed. Not only was the source
functional, but it was able to meet all the power constraints of the MISI, as demonstrated in section
4.1. As for the actual construction, one might question the geometric placement of the thermoelectric
heat pumps. This partially gets into a uniformity issue in that optimum spacing may control
uniformity. The heat pumps were placed in such a way so as to have equal distance from one pump
to another. This distance was not evaluated in that there were no experiments performed to optimiz
the dimensions. It was assumed that the current layout would be acceptable and other possible
layouts could be implemented in the near future.
The control feedback system was also successfully constructed as described in section 3.2. It
noticed, however, that the operational amplifier in the control system was not able to scale (amplify
the temperature signal to its full dynamic range. This was mostly due to noise issues. Even
amplification of 40, the signal was plenty large enough to work with. The signal did, however,
required some filtering but for the most part the transducer component supplied an adequate signal
for the rest of the system to work with. The sensors response was not that much of a concern
because the mass it was sensing had a very long response as described in section 4.3. Thou
response was not an issue, its placement was. The sensor was placed at three locations across
plate. Namely, the edge, center, and opposite edge. All three points formed a diagonal line across
the copper plate. It was found that the plate was able to be controlled with the same tolerance in
three positions.
As for the sampling, the RTI board had a 12-bit resolution which seemed to be sufficient. The voltage
it was sampling was only changing by six volts or so. This delta in voltage came from the
amplification. Had there been more amplification, there would have been a larger dynamic range.
The full dynamic range was set up such that the analog inputs could receive a voltage from 0 to 10
On the other end was the task of converting the digital signal back to an analog one. This w
performed sufficiently with the use of one 8-bit A/D chip as described in section 3.2.4. T
characteristics of this chip also seemed to be adequate with a resolution on the order of 0.0
volts/digital count. It is believed that the systems response was not capable of detecting such a
change in voltage. In that light, 8-bits proves to be more than enough for the time being. Finally
system was "closed" with the addition of the programmable power supply. This behaved with
response time so concerns about it slowing the overall response of the control system were
dismissed.
It was noticed that the blackbody was able to reach a temperature (45°C) beyond the usable range
with a small input voltage. On the other hand, with the same input voltage reversed biased (coo
mode), the blackbody could only reach a value of 10°C. It is desired to cool the source below th
current value it can reach in cooling mode. To do this may require additional voltage which
jeopardize the constraints of the system.
The uniformity of the blackbody was assessed qualitatively as well as quantitatively. The Inframetrics
images proved to be useful in detecting variations across the surface due to changes in grey scal
With a little image processing, these variation could be enhanced and additional conclusion could be
drawn. Generally the discrete pattern of the heat pumps found at start up time disappeared as the
plate came to equilibrium with its surround. The blackbody constructed in this research had a ve
similar thermal pattern to that of the laboratory standard. To match the profile of the two more
closely, the constructed radiation source was insulated. The results of this were best analyzed whe
1D slices were taken across the plates surface. Basically it is hard to determine if insulation r
improved the overall uniformity because of the noise factor. When the over all profile was looked
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across the entire surface, it looked like there was improvement in uniformity. When the center w
looked at, results indicated that the constructed blackbody was better in some areas than th
laboratory standard. At first this is hard to swallow considering the laboratory source used in all these
experiments costs about $15k and the constructed source cost is under $1k. This may be the c
though. Non-the-less, the constructed blackbody seems to be very similar to the laboratory standard
in that they both had an average temperature variation across the surface of about 0.5°C.
The control algorithm for this research proved to be satisfactory, though not conclusive. The
algorithm implemented was very elementary in its design and approach, as shown in Figure 4.18.
did, however, regulate the source to with in 0.3°C. This is actually high compared to micropr
controlled systems, which can regulated to 0.01°C, but not that bad for the on/off type of algorithm
was. This on/off switching does pose a problem for other parts of the MISI system however. The
on/off nature of the algorithm can cause high RF noise that other system components will detect.
Still, the regulation of the plate was not the thrust of the research, knowing the temperature of the
plate accurately was. So any accurate regulation results were an added dividend.

Conclusions and Recommendations (TOC)
In summary this research showed that a blackbody radiation source can be constructed and
controlled with a feedback control type system. Further more, the uniformity of such a source was
shown to be around 0.5°C across its surface, which was comparable to a laboratory standard.
Temperature knowledge of the source was believed to be close to 0.2°C which was as good as the
device performing the evaluation (the Inframetrics IR camera). As for the controlling of the source, it
was determined that with a simple thermostat-type algorithm, the source could be controlled to at
least ±0.15°C.
Two of the main suggestions for future work are to apply multiple sensors across the surface of th
plate to improve temperature knowledge and use a PID type control algorithm that functions fo
ambient and user defined set point. The first suggestion is a common sense one in that the mo
sensors you have sensing the plate (at various locations), the more believable your results will be.
To optimize this a series of thermistors, placed across the surface, should be compared to a so
state(s) temperature sensor with an IR camera evaluating the temperature. The second suggestion
is not as important as the first in that absolute regulation is not essential. The regulation is not that
crucial in that the MISI only needs to know what the temperature is at any given time. The overall
temperature of the source only needs to fall with in the MISI’s dynamic range. For that, an on
algorithm proves to be sufficient. As a final note, only heating mode data was used to assess the
blackbody. Future experimentation would entail collecting and evaluating the data for the cooling
mode case.
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